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Abstract
We took a measurement of a 50Ti(d,p) 51Ti neutron-transfer reaction to inves-
tigate single-neutron excitations and shell structure beyond the N = 28 magic
number. We were able to determine the single-neutron energies of 51Ti and
found seven newly observed states.
1 Introduction
The nuclear shell model describes the states available to bound nucleons in an
atomic nucleus where the binding energy decreases with each progressive orbital.
Certain numbers of nucleons, protons or neutrons, completely fill a shell within
the nucleus and are known as magic numbers. These magic numbers correspond
to a large energy gap between neighboring orbitals. Nucleons are required to
have a greater amount of energy to reach the next major shell than in non-
magic nuclei. A quality of magic number shells is that they create a more stable
atomic nucleus than non-magic nuclei. Doubly magic nuclei, which contain
magic numbers of protons and neutrons, are especially stable. The shells of




, and 1f 5
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orbitals beyond the
N = 28 major shell created by the spin-orbit interaction. The strong spin-orbit
interaction lowers the energy of the 1f shell to produce the N = 28 magic
number. Fig. 1 represents the ordering and spacing of these orbitals in 50Ti
according to Random Phase Approximation.
The shell model helps us to predict the ground-state spins and parities of
even-odd and odd-even nuclei, what kind of excited states exist and to under-
stand nuclear structure, as well as, understanding the impact shell structure has
on collective nuclear behavior and excitation probabilities.
We studied states of 51Ti via the single-neutron transfer reaction 50Ti(d,p)
at the John D. Fox Laboratory at Florida State University. Proton momentum
spectra were measured with the Super-Enge Split-Pole Spectrograph at angles of
10 to 50 at five degree increments. From these momentum spectra, angular dis-
tributions were made for each excited state, mostly composed of single-neutron
states, in 51Ti populated by the neutron transfer reaction. The excitation ener-
gies of the final states were deduced from the proton momentum. The angular














Figure 1: Single-neutron energies in a shell model for 50Ti at N = 28. This is
the predicted sequence of neutron orbitals from Random Phase Approximation
(RPA) calculations from Refs. [1], [2].
sured proton angular distributions with coupled channels distorted wave born
approximation (DWBA) calculations.
A motivating factor for repeating these measurements was the significant
carbon contamination at higher excitation energies in the previous 51Ti(d,p)
measurements made by Barnes et al. [3] which was due to the carbon foil back-
ings of the vacuum-evaporated targets that were used for structural support.
This may have obscured some states that were relevant to single-neutron ener-
gies. The enriched titanium target supplied by the Argonne National Laboratory
for this experiment was self-supporting and was therefore relatively carbon-free.
Our results were used to determine the single-neutron energies in 51Ti. We
had found seven unobserved states not present in previous measurements. We
were unable to make angular momentum l assignments for these newly observed












Figure 2: Diagram of the Split-Pole Spectrograph from FSU. The product pro-
ton exits the target chamber and is guided by magnetic fields to the focal plane
detector within the focal surface.
A beam of deuterons, produced by a SNICS (Source of Negative Ions by
Cesium Sputtering) source with a deuterated titanium cone, was accelerated
to a kinetic energy of 16 MeV by the 9 MV Super FN Tandem Van de Graaff
Accelerator at the John D. Fox Laboratory at Florida State University. The
beam was delivered to an enriched 50Ti target with a thickness of 0.45 mg/cm3
mounted in the target chamber of the Super Enge Split-Pole Spectrograph. The
spectrograph was rotated from scattering angles of 10◦ to 50◦ at increments of
5◦ to capture angular distributions of protons from the 50Ti(d,p)51Ti reaction.
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Protons from the reaction were guided by magnetic fields to the focal-plane
detector consisting of an isobutane-filled ion chamber with two proportional-
counter anode wires at positive potential running the length of the detector
above a Frisch-Grid. The Frisch-Grid allowed for cleaner timing and spatial
resolution. The anode signals measured the charge each wire collected from the
upward drift of the electron cloud generated by interactions between protons
and the gas. A cathode at the bottom of the gas-volume attracted the gas
ions. The anode signals were proportional to the energy loss dE of the proton.
Fig. 5 displays the particle identification relative to proton energy loss. Above
the anodes were PC boards with position-pads connected over delay lines with
a 5 ns delay between each pad, which produced a time signal proportional to
position in the dispersive direction along the focal plane proportional to the
proton momentum. A planar plastic scintillator detector measured the total
energy E deposited by particles passing through the ion chamber. Protons were
separated from deuterons reaching the focal plane detector by cuts on the E vs.
dE spectrum.
Another focus of this experiment was Peak 20, seen labelled in Fig. 3. This
peak fell in a high-energy region with significant amount of contaminant peaks
in the spectra of Ref [3] and it was reported to have a large intensity. One
of our goals was to verify that measurement from Barnes et al. with a lower
contaminant background.
3 Analysis and Results
We used relativistic two-body kinematics to calibrate the timing spectrum using
known excitation energies from 51Ti and a contaminant peak of 13C. A linear
combination of Gaussian functions fit over a quadratic background and was fit
to the measured spectrum. The excitation energies used for the calibration
4








































Figure 3: Proton yield vs. magnetic rigidity at 25◦. Peaks corresponds to
populating the states in 51Ti. Peaks 1-21 are labelled in accordance to the
labelling scheme used in Ref. [3], with Peak 0 corresponding to the population
of the ground state in 51Ti. Peaks at the higher excitation energies labelled
22-28 are newly observed. The carbon and oxygen contamination contributes
far less to the overall spectrum than the previous measurements from Barnes et
al..
Figure 4: Proton spectrum at 45◦from Barnes et al. [3] measured with a beam
energy of 6.0 MeV. The rightmost peak represents the ground state for 51Ti.
The peaks at the higher energy end (left) have a more significant concentration of
carbon contaminants than the target supplied by Argonne National Laboratory
for this present experiment.
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Figure 5: Plot of the energy vs. energy loss of particles measured within the
focal plane detector. The solid black line is the particle identification cut that
encapsulates the protons, separating them from the deuterons. The deuterons
experience more energy loss than the protons and therefore appear above the
proton cut.
were states known to a sub-keV precision from as part of the ENSDF database
via the National Nuclear Data Center [4]. Peak positions prior to calibration
were obtained by fitting Gaussian functions over each peak. In preliminary
data analysis, peaks were fitted individually. Initially, to calculate the proton
energy in the lab reference frame, we used two-body reaction kinematics to relate
excitation energy to protom momentum and Bρ using the program KINACE [5].
Fig. 3 is an example of the calibrated spectrum for 25 degrees. For each
spectrum, the Bρ calibration values were used in the fitting process to correct
for energy loss, convert to the center of mass reference frame, and find the
values of the excitation energies for all peaks at positions that were addressed
in the process. Further in the fitting process, the entire range of the spectrum
were split into three different sections going from low energy to high energy.
The separation of the fits were necessary due to the variance of background
as one progressed through the spectrum. The three fit ranges overlapped each
other and the position assignments from the peak of each section were picked
for ensuring a more consistent quality of fitting for the peaks in the section
6
across the entire spectrum due to a simple quadratic background only fitting
sub-ranges of the momentum spectra. Fig. 6 was a representative fit displaying
the low energy section of the spectrum collect at 25◦.
In order to normalize the measurements made at each angle, a Si detector
was stationed in the target chamber at a fixed scattering angle of 25◦in the
spectrograph, measuring the number of deuterons that scattered off of the tar-
get, which is proportional to the number of incident beam particles. The yield
from the monitor detector was then used to normalize the proton angular dis-
tributions. These distributions can be seen in Figs. 7, 8, and 9. FRESCO, a
program used to perform coupled-reaction channels calculations [6], was used
to create the angular distribution plots for each excitation state, particularly
those of value to the motivation of the experiment and those that are newly ob-
served. The smooth curves (blue) in Figs. 7-9 were FRESCO calculations. The
global deuteron-nucleus optical potential parameter set of Daehnick et al. [7] was
used for the entrance channel and the global proton-nucleus optical potential
parameter set of Koning and Delaroche [8] was used for the exit channel.
Angular momentum assignments were made to states that presented a good
agreement between the present work and the FRESCO calculations. The 51Ti
state label, excitation energies, angular momentum and parity assignments are
given in Table 1.
Peaks 9-14 were in general agreement with the FRESCO calculations. The
angular momentum assignments that were given to Peaks 15-17 in the present
work disagree with the assignments made in Ref. [3]. No l assignments have
been made for newly observed states, and it is speculated that some states do
not exhibit single-particle state behaviors.
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Label Ex (keV) l J
π
0 0 1 32
−






4 2143(2) 3 52
−
5 2197(3) 1 32
−
6 2908(2) 1 12
−
7 3171(3) 1 32
−
8 3760(3) 4 92
+
9 4016(4) 2 52
+













15 4820(5) 3 12
+ → 52
−
16 4882(4) 3 12
+ → 52
−
17 5001(5) 3 12
+ → 52
−









22 5303(6) 4 92
+







Table 1: State labels with corresponding excitation energies Ex, total angular
momentum l, and parity Jπ assignments.
4 Summary
We took a measurement of the 50Ti(d, p)51Ti neutron-transfer reaction at the
John D. Fox Laboratory at Florida State University. From our results we were
able to determine single-neutron energies of 51Ti. Our data does not support
Ref. [3]’s measurement of an l = 3 state for Peak 20 nor do we see a strongly
populated state. Seven states were also newly observed. A future experiment
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Figure 6: A representative graphic of the fit placed on the higher energy range
of Peaks 8-28 of the 25◦spectrum.
will look into the single-particle states in 54Fe to investigate the impact of an
additional proton to the shell structure. This experiment will include gamma-
ray detectors which may enable the assignment of spins and parities in addition
to angular momentum assignments.
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Figure 7: Angular distributions and Jπ assignments for states 0-8. The solid
curves are the FRESCO calculations.
Figure 8: Angular distributions and Jπ assignments for states labelled 9-19.
The solid curves are the FRESCO calculations.
10
Figure 9: Angular distributions and Jπ assignments for states labelled 19-28.
The solid curves are the FRESCO calculations.
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